Introduction
The main function of neuronal cells, to receive, process, and propagate electrical signals, is tightly linked to their most obvious morphological features, an extended axon and elaborate dendrite arbors. The cellular specialization process that distinguishes the axon from the somatodendritic compartment is termed neuronal polarization.
Neuronal polarity is established early in development and is maintained throughout the life of the neuron. Polarity establishment can be conceptually thought of as a succession of steps ( Figure 1 ): an initial symmetry-breaking cue, such as the detection of an extracellular signal or the accumulation of a cytoplasmic factor, which provides the neuron with a spatial orientation: where should the axon grow and where should the dendrite grow. This cue is then interpreted and amplified by intracellular signaling pathways to generate distinct subcellular domains that differ from each other in lipid and protein composition in a cell that is not yet morphologically polarized. In turn, these signals initiate major cytoskeletal rearrangements that produce two morphologically distinct processes, which also differ in their protein and lipid composition (Barnes and Polleux, 2009; Namba et al., 2015) . Although subsequent specializations of axonal and dendritic subdomains (for example nodes of Ranvier or apical/ basal dendrites) are often also referred to as polarity, they are not addressed in this Review.
Once established, polarity must be maintained for as long as the neuron survives. This is usually achieved by means of directed transport or selective endocytosis and exocytosis, which ensure the correct repertoire of cytoplasmic, transmembrane proteins and organelles at each locale (Bentley and Banker, 2016; Horton and Ehlers, 2003) .
Polarity, or the existence of membrane domains of different identity in the same cell, is a widely conserved cellular feature (Rodriguez-Boulan and Macara, 2014; St Johnston and Ahringer, 2010) . Accordingly, studies of yeast budding, asymmetric cell division in the C. elegans embryo, or apical-basal polarity of kidney epithelia have uncovered conserved genes and signaling pathways that are also involved in neuronal polarity (Barnes and Polleux, 2009 ). Indeed, in a 2003 Review, Horton and Ehlers (Horton and Ehlers, 2003) used extensive comparisons to these systems to suggest means by which neuronal polarity could be established. Over the past 15 years, significant advances have been made in our understanding of neuronal polarity. In this Review, we describe mechanisms of polarity establishment, focusing mostly on recent results obtained in vivo, using invertebrate and vertebrate models.
Establishment of Initial Polarity Intrinsic Mechanisms
What are the symmetry-breaking cues that initiate neuronal polarity in vivo? Studies from various model systems revealed different strategies for establishing membrane domains of distinct composition in differentiating neurons. These can be roughly divided into cell-intrinsic mechanisms and cues from the extra-cellular environment.
In some cases, neuronal polarity is inherited from the preexisting apical-basal polarity of the neuroepithelial progenitor cell. For example, in zebrafish and mouse retinal ganglion cells or bipolar cells, axons can form directly from a basal process Morgan et al., 2006; Zolessi et al., 2006) ( Figure 2C ). This mode of polarization also lacks some of the morphological hallmarks of polarization in culture or in the neocortex, such as the initial extension of immature neurites (see below). Mechanosensory neurons in the Drosophila notum inherit their polarity from the site of cell division of their progenitor cell. Accumulation of furrow components Rho1 and Aurora-A at the site of cytokinesis, followed by an enrichment of PtdIns(4,5) P 2 and subsequent clustering of a-catenin, DE-Cadherin, and Bazooka/Par-3 precede the first signs of process outgrowth. Randomizing the orientation of cell division did not prevent DECadherin accumulation and first sprout formation at the site of cytokinesis, suggesting that intrinsic mechanisms in the furrow, rather than extrinsic signals, determine the site membrane outgrowth (Pollarolo et al., 2011) . These examples highlight the diversity of strategies that are employed in vivo to establish distinct axonal and dendritic domains.
Probably the best-studied example where polarization occurs in the absence of an extrinsic signal is in dissociated mammalian cortical and hippocampal cultures (Figure 2A ). Shortly after plating, cultured hippocampal cells begin to display membrane ruffles (stage 1) that grow into immature, short dynamic neurites (stage 2). The first morphological manifestation of polarity occurs at stage 3, when one neurite, which will give rise to the axon, begins to grow faster and extends longer than the other neurites. The remaining neurites will differentiate into dendrites (stage 4) and grow spines at stage 5 (Dotti et al., 1988; Goslin and Banker, 1989) . Although this system does not fully recapitulate all aspects of neuronal polarization in vivo, Banker cultures have been instrumental in understanding the cell biological mechanisms that underlie the emergence of functionally and morphologically distinguishable neuronal processes. The fact that cultured neurons can establish polarity in the absence of meaningful extrinsic cues demonstrates that cell-intrinsic mechanisms are sufficient to create axons and dendrites and maintain the morphological and biochemical polarity in these functionally distinct compartments, likely through elaborate intra-cellular signaling (see below).
Extrinsic Signals
In vivo, axon and dendrites form with a defined temporal sequence and stereotyped growth directions, a feature that is likely to be critical for neuronal wiring. These observations argue that in vivo symmetry breaking is likely instructed by extracellular cues that provide the compass for the polarity establishing intracellular events. In C. elegans, the axon guidance molecule cue UNC-6/Netrin is required not only for guidance but also for orienting initial polarized emergence of the HSN axon ( Figure 2D ). UNC-6/Netrin-producing cells are located ventrally to the HSN cell body and form a putative ventral-dorsal gradient. The correct interpretation of this gradient directs the ventral polarization of the HSN cell body even before axon outgrowth . The diffusible cue LIN-44/Wnt controls the polarization of another C. elegans neuron, PLM (Hilliard and Bargmann, 2006; Prasad and Clark, 2006) (Figure 2E ). LIN-44/Wnt is secreted from a posterior source and forms a putative anterior-posterior gradient, which is required for PLM to generate the anteriorly directed axon and posteriorly directed dendrite. Interestingly, loss of the extracellular cues UNC-6/Netrin or LIN-44/Wnt elicits different cellular behaviors in HSN or PLM, respectively. In unc-6 mutants, HSN polarization is delayed and axon growth seems to eventually occur at a random site, whereas in lin-44 mutants PLM displays a reversed polarity: the anterior process assumes the characteristics of the posterior process and vice versa Hilliard and Bargmann, 2006; Prasad and Clark, 2006) (Figure 2D and 2E, right). This phenotype hints at the possible existence of antagonistic polarity cues, one of which takes over in the absence of Wnt signaling to specify the axonal fate.
The most studied in vivo system for neuronal polarity is cortical pyramidal neurons ( Figure 2B ). These cells are born at the ventricular zone (VZ) and migrate apically along the radial glial processes. At the subventricular zone (SVZ) they extend several minor neurites and are therefore called multi-polar (MP). Polarity is initially manifest during migration when one minor neurite grows rapidly and becomes the leading process and another becomes the trailing process, while the other minor neurites retract to give rise to a bipolar cell in the interemediate zone (IZ). Importantly, the leading and trailing processes eventually differentiate into apical dendrite and axon, respectively. Therefore, the polarity that is generated through directed neuronal migration is inherited for the generation of axon and dendrites (Barnes and Polleux, 2009; Noctor et al., 2004; Shoukimas and Hinds, 1978) . The stereotypy of the polarization process and the ability to visualize cells while knocking down gene function through electroporation have made this system popular. However, migration defects sometimes complicate the interpretation of mutant phenotypes because it is difficult to distinguish the migration defects and the ensuing polarity deficits.
TGF-beta, emanating from the VZ, is the main diffusible cue that induces axon formation in cortical neurons. TGF-beta receptor is enriched in the axons, and its elimination induces axon-less cortical neurons. Furthermore, local application of The first step in axonal polarization is the exposure of the non-polarized newborn neuron to cues that induce symmetry breakage. These cues can be external (example shows extra-cellular ligand such as Netrin or TGF-beta) or internal. Note that the cell is exposed to a shallow gradient of this cue. The second stage involves local amplification of the polarity cue, generating a distinct domain (blue region at the tip of one neurite on the left side). The amplification can occur by receptor clustering at the side of the cell that is closer to the ligand source, as well as by activation and feedback of intracellular signaling pathways (schematized on the right). Finally, neuronal polarization is executed by cytoskeletal rearrangements, which lead to the rapid growth of one neurite (bottom panel).
Neuron 96 Neuron Review TGF-beta in vitro is sufficient to induce axon specification and growth (Yi et al., 2010) . A second diffusible cue that is involved in axon specification and outgrowth are Neurotrophins, such as BDNF and NT3. Knockdown or knockout of the pan-neurotrophin receptor p75 NTR leads to failure to initiate an axon in cortical neurons and during adult hippocampal neurogenesis, and expression of dominant-negative neurotrophin receptors TrkB and TrkC disrupts the multipolar to bipolar transition. In cell culture, localized exposure to neurotrophins leads to an enrichment of p75 NTR in one neurite that will become the axon. Cell culture experiments also suggest that BDNF operates in an autocrine or paracrine manner, potentially to reinforce other polarity cues (Cheng et al., 2011; Nakamuta et al., 2011; Zuccaro et al., 2014) . One possibility is that self-amplifying property of the neurotrophin signaling provides a mechanism to correctly and robustly read out the TGF-beta gradient, which may be shallow across the span of a single immature neuron. However, the precise interplay between these two pathways remains to be tested. Is axon formation the early event and driving force for polarity establishment? In 30% of cases, leading edge (future dendrite) appearance precedes that of the trailing edge, indicating that polarity can be manifested prior to axon specification by the aforementioned signals (Namba et al., 2014) . Therefore, it is likely that additional cues besides TGF-beta and neurotrophins participate in polarizing cortical neurons. This notion is further supported by the fact that knockout of TGF-beta receptor or p75 NTR does not eliminate the leading edge (Yi et al., 2010; Zuccaro et al., 2014) . One molecule implicated in generating the leading edge is N-Cadherin, which is expressed in a polarized manner in newborn neurons at SVZ and promotes first neurite outgrowth in vitro (G€ artner et al., 2012) . Dominant-negative constructs and shRNA-mediated silencing of N-Cadherin suggest that it is required for the multipolar to bipolar transition in vivo (G€ artner et al., 2012; Jossin and Cooper, 2011; Kawauchi et al., 2010; Xu et al., 2015) . However, these knockdowns also elicit strong migration defects, complicating the interpretation of the phenotypes.
In addition to glial processes and diffusible cues, migrating postmitotic neurons also encounter early-born neurons and their processes. Indeed, axon-axon contact is also important for early axon development: the adhesion molecule TAG-1 is expressed in preexisting axons of early-born neurons and mediates an interaction with the multipolar cells, which grow their axons along the TAG-1 tracks ( Figure 2B ). Knockdown of TAG-1 perturbed the multipolar to bipolar transition and axonal growth, suggesting that cell-cell interactions mediated by TAG-1 contribute to neuronal polarization (Namba et al., 2014) . Finally, interaction with the extracellular matrix (ECM) is also required for axon growth. Hippocampal neurons in culture tend to form axons on substrates with ECM components such as laminin (Dertinger et al., 2002; Esch et al., 1999) , and zebrafish retinal ganglion cells (RGCs), which polarize from a neuroepithelium (see above), require laminin for axon specification and for acquisition of polarized morphology ( Figure 2C ). Furthermore, laminin promotes the targeting of an axonal kinesin into the developing axons (Jacobson et al., 2006; Randlett et al., 2011) . In the cortex, the laminin receptor beta-integrin Itgb1 is required for axonal growth and neuronal polarization (Lei et al., 2012) . Consistent with effect of laminin on the truncated kinesin-1 construct, Itgb1 was suggested to regulate polarity via the LKB1 pathway and microtubules (see below) (Lei et al., 2012; Randlett et al., 2011) . These results underscore the importance of the ECM and adhesion in promoting axonal growth.
From the examples above it appears that multiple strategies are employed to achieve the initial symmetry-breaking event that triggers neuronal polarization. In addition, in most cases studied, polarization does not involve a single cue. Rather, there may be different signals to specify axon versus dendrite by reinforcing an initial shallow extracellular gradient or by converting the preselected membrane domains into axonal or dendrite identity. Understanding the downstream events triggered by each cue will provide insight into how neurons integrate multiple cues to control specific aspects of cellular specialization.
Figure 2. Neuronal Polarization in Different Experimental Systems
The figure shows four experimental systems that reflect different modes of polarization. Panels on the left with pink neurons depict wild-type development, whereas panels on the right with blue neurons show examples of mutant phenotypes. (A) Cultured mammalian neurons undergo stereotypical differentiation after plating (see text for details). Polarity is initially manifest at stage 3 when one neurite starts growing faster and longer compared other neurons and will later become the axon. Manipulations that reduce or increase the levels of several polarity regulators and signaling pathways (e.g., Par-3, PI3K) result in a loss of the axon, or the appearance of several axons, respectively (schematized on the right). (B) During cortical development in mammals, neuronal polarization occurs concomitantly with radial migration. Newborn neurons in the ventricular zone migrate along the processes of radial glia and initially go through a multipolar stage. Later, one neurite will grow faster to form the leading process, followed by the appearance of a trailing process. These processes will give rise to the apical dendrite and the axon, respectively. TGF-beta, schematized as a gradient on the left, is a major determinant of axonal specification. Polarization is also dependent on cell-cell and cell-ECM interactions. The inset shows the TAG-1-dependent interaction between polarizing neurons and pioneer neurons, which is important for axon specification. The right panel shows phenotypes associated with a failure to polarize. Depletion of genes that are required for axon specification, such the TGF-beta receptor or the LKB1 kinase, results in axon-less neurons. In other cases, it is very hard to genetically uncouple migration from polarization, and a commonly observed phenotype is cells that have impaired migration and have failed to transition from a multipolar to a bipolar morphology. (C) In mouse and zebrafish retinal ganglion cells (RGCs), polarization follows the polarity of the neuroepithelium. RGCs are born at the apical surface and translocate their cell body toward the basal surface. The apical process detaches from the apical surface of the retina, while the axon extends directly from the basal process. In this case, there is no multipolar, stage-2-like morphology during normal development. The right-hand side shows developing RGCs (blue) in zebrafish laminin morphants: the re-extending basal process retracts and RGCs exhibit stage-2-like morphology. (D and E) In C. elegans, polarization has been shown to critically depend on extracellular cues. The HSN neuron (D) shows polarized filopodial growth toward a ventral source of UNC-6/Netrin (schematized as a gradient on the left). The UNC-6 receptor, UNC-40/DCC is enriched on the ventral surface of HSN prior to the ventral emergence of the axon (purple outline). In unc-6 mutants (right panel), UNC-40/DCC loses its ventral enrichment, axon emergence is delayed, and eventually seems to occur at a random location. A second C. elegans neuron, PLM (shown in E), requires the extracellular cue Wnt/LIN-44 to correctly polarize. The Wnt receptor Frizzled/LIN-17 (purple) is enriched in the posterior neurite, which is closer to the Wnt/Lin-44 source. In the absence of Wnt signaling (right panel), the posterior and anterior processes seem ''flipped'' with one acquiring the properties of the other, and the receptor is uniformly distributed.
Signaling Pathways Involved in Neuronal Polarization
The initial polarity cue will eventually elicit major cytoskeletal rearrangements that underlie morphological changes and achieve polarized intracellular trafficking. Signaling pathways are responsible for the correct interpretation of the initial polarity cue and its transmission to the cytoskeletal effectors.
Many components of several (at least 4) conserved intracellular signaling pathways have been assigned roles in neuronal polarity (Arimura and Kaibuchi, 2007; Barnes and Polleux, 2009; Namba et al., 2015) . It is worth noting that many have been studied primarily in dissociated cultures, and their in vivo functions have either been harder to assign or remain untested. Here, we briefly outline the functions of intracellular signaling in neuronal polarization with limited scope to include a relatively small number of components, most of which are required for polarity in vivo. We refer the readers to several excellent reviews for a more comprehensive description of this topic Schelski and Bradke, 2017; Takano et al., 2015) . Signal Amplification and Feedback Loops An early step in interpreting the signal from external polarizing cues such as TGF-beta (Yi et al., 2010) or a stochastic localized accumulation of an intrinsic cue as in cultured cells (Dotti et al., 1988; Goslin and Banker, 1989 ) is its amplification through local positive feedback. One way of achieving this is through enrichment of the receptor in response to the cue. Indeed, UNC-6/Netrin promotes the asymmetric enrichment of its receptor UNC-40/DCC at the high ligand side of the soma, which is the site of axon outgrowth during polarization of the HSN neuron in C. elegans (Figure 2D ). Similarly, Wnt ligand LIN-44 is required to polarize the localization of the Wnt receptor LIN-17 to the posterior process of PLM, which is closest to the Wnt source (Hilliard and Bargmann, 2006) ( Figure 2E ) and the TGF-beta receptor is polarized to nascent axons in cortical neurons (Yi et al., 2010) . The cell biological mechanism of such receptor enrichment remains not well understood.
An additional layer of positive feedback occurs through local signal amplification downstream of the receptor. One such feedback is mediated via BDNF and its receptors (Cheng et al., 2011; Nakamuta et al., 2011; Zuccaro et al., 2014) . BDNF activates PKA through cAMP, triggering further BDNF secretion to amplify the signal. Downstream of BDNF, PKA phosphorylates LKB1 (Shelly et al., 2007) on Serine 431, whose phosphorylation is required for the kinase to drive polarity. LKB1 is a kinase with a critical role in neuronal polarization. Cortical neurons fail to grow an axon in LKB1 mutants, or upon overexpression of LKB1 S431A , even though their migration is not impaired. Active LKB1 associates with a pseudokinase, STRADalpha, which further promotes S431 phosphorylation and elevates LKB1 levels, thereby providing additional feedback (Barnes et al., 2007; Shelly et al., 2007) . LKB1 is a master kinase, capable of phosphorylating at least 13 other kinases (Lizcano et al., 2004) , among which are SAD-A and SAD-B (Barnes et al., 2007) , which are also required for neuronal polarization in vivo (Kishi et al., 2005) . This example illustrates the role of intracellular signaling in amplifying a polarity cue and distributing it to downstream targets.
A second positive feedback loop involves reciprocal activation between PI3 kinase and BDNF or H-RAS signaling (Cheng et al., 2011; Fivaz et al., 2008; Nakamuta et al., 2011; Yoshimura et al., 2006) . In dissociated cultures, PI3 kinase activity and its product, PIP3, are enriched at the tip of the neurite destined to become the axon and are required for polarity establishment in this experimental system via the conserved polarity proteins PAR-3 and PAR-6 (Mé nager et al., 2004; Shi et al., 2003) . The PAR proteins, originally discovered in a genetic screen in C. elegans for mutations that disrupt asymmetric cell divisions, regulate cellular polarity in a large range of settings, from epithelial polarity to cell migration (Kemphues et al., 1988; Rodriguez-Boulan and Macara, 2014) . In the neocortex, Par-6 colocalizes with TGFbeta receptors in the VZ and Par-6 and Par-3 precipitate with TGFbeta receptor from brain lysates (Yi et al., 2010) . In epithelia, TGFbeta induces Par-6 phosphorylation on Serine 345 (Ozdamar et al., 2005) and a phosphomimetic, but not a non-phosphorylatable, form of Par-6 can rescue axon loss in TGFbeta KO cortical neurons (Yi et al., 2010) . The Par3/6 complex also interacts with aPKC and Cdc42, and the latter mediates local Rac activation via the Rac GEFs Tiam1/STEF (Nishimura et al., 2005) . Several reports suggest local signal amplification via feedback loops involving PI3. PI3K can be activated by two of its downstream targets, Cdc42 and Rap1B, in dissociated cultures (Schwamborn and P€ uschel, 2004) . In PC12 cells' growth cones and in non-neuronal cells, PI3K is activated by Cdc42 and another downstream target, Rac (Aoki et al., 2005 (Aoki et al., , 2007 Bokoch et al., 1996; Zheng et al., 1994) . PI3K is also an established target of BDNF signaling, including in growth cones (Henle et al., 2011; Huang and Reichardt, 2003) . Although these observations suggest that PI3K is a converging point for feedback signaling that amplify polarity cues, the relevance of these loops to neuronal polarization in vivo remains to be established (Schelski and Bradke, 2017; Takano et al., 2015) . Additionally, although Cdc42 and Rac1 clearly participate in axon growth in the rodent brain (see below), there are no in vivo loss-of-function data to show a similar role for Par 3/6, and in Drosophila the Par-3/6 homologs are not required for neuronal polarity (Rolls and Doe, 2004) . These observations suggest that our understanding of polarity signaling is still incomplete, and highlight the importance of studies across divergent species.
These examples illustrate the elaborate signaling networks that are used by neurons to interpret and amplify polarity cues. The evolutionary conservation of these pathways and their repeated employment in other instances of cellular polarization suggests that a common core set of polarity regulators has been adapted to the needs of different cell types. In particular, the resemblance of intracellular signaling mechanisms between neurons and epithelia, and the fact that many neurons differentiate from an epithelium, is striking (see Barnes and Polleux, 2009 for a discussion of conserved polarity mechanisms in neurons and epithelial cells). However, it is worth cautioning that many of these signaling pathways have been tested only in dissociated cultures. Perhaps due to the lack of instructive cues or the loss of redundant factors found in vivo, cultured neurons seem to represent a reductionist sensitized system where manipulations of signaling molecules often lead to multiple axons or no axon phenotypes.
Negative Feedback
In the C. elegans embryo and in Drosophila neuroblasts, Par proteins establish polarity by forming distinct complexes that occupy opposite membrane domains and mutually inhibit each other (Betschinger et al., 2003; Rose and Gö nczy, 2014) . A similar function in neurons has not been described, but many studies suggest that negative feedback from the newly specified stage 3 axon to the minor neurites should exist to prevent formation of multiple axons. Several models and candidate molecules have been proposed for the feedback. One model relies on cAMP and cGMP mutual inhibition, with cAMP promoting axon specification and cGMP promoting dendritic fate (Shelly et al., 2010) . A more recent model proposed a role for calcium waves in mediating inhibitory signaling from the axon to dendrites (Takano et al., 2017) . A third class of models relies on the fact that the axon is longer and grows faster than the minor processes in dissociated cultures. Thus, anterograde transport of a polarity regulator, coupled to its retrograde diffusion would lead to its concentration in the longest process (see Schelski and Bradke, 2017 for a review of these models). It is worth noting, however, that similar to the distinction between migration and polarization in vivo, there is a distinction between growth and polarization in culture (Jiang and Rao, 2005) . A possible target for inhibitory signals would be the small GTPase RhoA. RhoA inhibition or hyper activation in culture leads excessive or suppressed neurite growth, respectively. Similarly, inhibiting the downstream Rho kinase ROCK leads to the formation of multiple axons (Da Silva et al., 2003) . In vivo, the Rho GTPase Rnd2 inhibits RhoA to promote the multipolar-to-bipolar transition in cortical neurons (Pacary et al., 2011) . While these and other studies suggest a role for RhoA in inhibiting neurite growth, its in vivo role is still unclear. As noted above, many of the negative feedback or global inhibition models rely on phenotypes such as the ectopic induction of multiple axons, which can rarely be observed in vivo. This highlights the importance of a single output neurite to the function of neural networks, and the large number of mechanisms used by neurons to reliably produce only one axon.
Downstream Targets for Polarity Signaling
To execute the cellular specialization associated with neuronal polarization, the signaling pathways converge on cytoskeletal effectors that control actin and microtubule dynamics. In the HSN neuron of C. elegans, the UNC-40/DCC receptor in combination with PI3 kinase signaling recruits the actin regulator MIG-10/lamellipodin to induce polarized filopodia formation and directed axon growth. A second actin regulator, UNC-34/Ena/ VASP cooperates with MIG-10/lamellipodin and plays a more dominant role in filodpodia formation but not in axon guidance decisions Chang et al., 2006) . In mammalian neurons, the small GTPases Cdc42 and Rac1 link the Par complex to actin. Activated Cdc42 is part of the Par-3/6 complex in neurons (Nishimura et al., 2005) . Indeed, in Cdc42 mutants, cortical mass is reduced with fewer, shorter axons observed (Garvalov et al., 2007) . In cell culture, Cdc42 KO cells failed to form axons. This phenotype was accompanied by aberrant actin dynamics and excessive phosphorylation of the actin regulator cofilin, which was also required for polarity establishment (Garvalov et al., 2007) . Further actin regulation by Par-3/6 complex occurs via Rac activation, mediated by the recruitment of the Rac GEFs Tiam1/STEF. Overactivation or inhibition of Rac1 impairs neuronal migration and the multipolar to bipolar transition in the cortex (Kawauchi et al., 2003) . Rac1 mutants showed severe migration and axon formation defects in cerebellar granule neurons (CGNs), where a single Rac isoform is expressed. In culture, these neurons lack lamellipodia and show impaired actin dynamics and mislocalization of the actin regulating complex WAVE from the plasma membrane (Tahirovic et al., 2010) . Together, these examples illustrate how intracellular signaling pathways elicit changes in the actin cytoskeleton in response to a polarizing cue.
In addition to actin, polarity signaling controls microtubule dynamics via several microtubule-associated proteins (MAPs). The LKB1 pathway induces the phosphorylation of the MAP Tau via SAD kinases on Serine 262 (Kishi et al., 2005) , which reduces Tau binding to microtubules (Biernat et al., 1993) . LKB1 can also phosphorylate MARK2 (Lizcano et al., 2004) , a kinase that is required for polarity in cell culture and for migration and multipolar-to-bipolar transition in vivo, and phosphorylates Tau (Biernat et al., 2002; Chen et al., 2006; Sapir et al., 2008; Schwalbe et al., 2013) . However, the functional relevance of these phosphorylation events to neuronal polarity remains to be elucidated. Another microtubule regulator that is targeted by polarity signals is Stathmin/Op18. Stathmin regulates microtubules by binding to free tubulin and increasing catastrophe rates (Belmont and Mitchison, 1996) . Phosphorylation of Op18 on Serine 16 inhibits its microtubule destabilizing activity in non-neuronal cells (Daub et al., 2001; Wittmann et al., 2004) . The Rac activator Dock170 is highly expressed in the developing brain, and in cultured neurons it localizes to the neurite that will give rise to the axon. Dock170 is required for axon formation in this system, with Rac-dependent phosphorylation of stathmin likely playing a role in this function (Watabe-Uchida et al., 2006) .
Cytoskeletal Rearrangements
Given the extensive morphological changes that developing neurons undergo during polarization, it is not surprising that the actin and microtubule cytoskeleton are heavily remodeled during this time window (Figure 3) . Indeed, as illustrated in the examples of the previous section, cytoskeletal regulators are the main downstream targets of polarity signaling. Surprisingly, however, cytoskeleton remodeling is not merely required for establishing neuronal morphology; it also plays an instructive role in the polarization process. Below, we outline some of the main changes that occur in microtubule and actin dynamics, focusing primarily on those that are related to polarity. It is important to note that actin-microtubule crosstalk and dynamics also play critical roles in driving growth cone advance and navigation as the axon grows, and we refer the readers to several excellent reviews that cover these topics (Coles and Bradke, 2015; Lowery and Van Vactor, 2009; Menon and Gupton, 2016) . Microtubules Microtubules are extended, hollow polymers composed of 11-15 protofilaments that consist of alpha-beta tubulin dimers. Although in vitro microtubules can nucleate, grow, and shrink (collectively referred to as microtubule dynamics), in cells these processes are controlled by a large number of microtubuleassociated proteins (MAPs). Two properties of microtubules are particularly relevant to neuronal polarization: microtubule polarity and stability. The asymmetric structure of tubulin dimers imparts polarity to the polymer, with a fast growing and shrinking plus end (where the beta subunit is at the end of the polymer) and a less dynamic minus end (where alpha tubulin is at the end). The polarity of microtubule polymers is read out by molecular motors such as dynein or kinesin that typically move either toward the plus or minus end, respectively. Critically, microtubule polarity in neurons differs between the axon and dendrites: axons harbor almost exclusively polymers with the plus end facing away from the cell body (plus-end out). Dendritic microtubules from Drosophila and C. elegans are mostly minus-end out, whereas in mammalian neurons they display mixed polarity (Baas et al., 1988; Burton, 1988; Goodwin et al., 2012; Maniar et al., 2011; Stone et al., 2008; Yan et al., 2013; Yau et al., 2016) . Neuronal microtubules are said to be stable because they resist treatments such as cold or Nocodazole that readily depolymerize microtubules in other cell types, and they display post-translational modifications that accumulate over time, indicating that they are long lived.
Microtubule Stability in Axon Specification
The existence of different microtubule polarity and different MAPs in axons and dendrites (MAP2 is classically used to label the somatodendritic compartment and dephosophorylated Tau labels the axon) suggests that microtubules play important roles in neuronal polarity. Differences in microtubules precede and predict axon specification: expression of a Kinesin-1 motor domain in stage 2 neurons reveals a dynamic pattern, where this construct ''samples'' each neurite, finally accumulating in the future axon (Jacobson et al., 2006; Twelvetrees et al., 2016) . This argues strongly about differences of microtubules among neurites because the construct only contains the MT binding head domain. Microtubule post-translational modifications affect kinesin's motility, and indeed, axonal microtubules harbor more post-translational modifications that are associated with long-lived stable microtubules compared to the dendrite. This difference in posttranslational modification has been suggested to be involved in neuronal polarity (Hammond et al., 2010; Janke and Bulinski, 2011; Kapitein and Hoogenraad, 2015; Konishi and Setou, 2009; Sirajuddin et al., 2014) .
A much more direct and causal effect of microtubules on polarity is seen when neurons are cultured with the stabilizing drug Taxol. This leads to the formation of multiple axons, a phenotype that can be partially suppressed by knocking down MAP6 or Camsap2 (Tortosa et al., 2017; Witte et al., 2008; Yau et al., 2014) . MAP6/STOP is a brain-specific MAP that imparts cold stability on neuronal microtubules (Bosc et al., 1996; Guillaud et al., 1998) . MAP6 localized to the axon during polarization in culture, and its knockdown in the cortex leads to defects in migration and axon maturation (Tortosa et al., 2017) . Camsap2 binds and stabilizes free microtubule minus ends in neurons and is required for radial migration and axon formation (Yau et al., 2014) . The clearest in vivo evidence for the role of microtubule stabilization in axon formation comes from the ALM neuron in C. elegans. A mutation in mec-7/beta tubulin that leads to overly stable microtubules generates a second axon, which accumulates synaptic vesicles and requires some of the same machinery that normal axons require for outgrowth. Critically, the effect of the mutation can be mimicked by taxol and suppressed by the destabilizing drug colchicine (Kirszenblat et al., 2013) . This is one of the only in vivo examples of growth of a second axon.
How does microtubule stability induce axon fate? In stage three neurons, a massive nucleation of short microtubules occurs in the nascent axon (Yu and Baas, 1994) (Figure 3) , an effect that might be mimicked by taxol, which promotes nucleation (Schiff et al., 1979) . One possibility is that elevated microtubule number or stability promotes faster neurite outgrowth, which has been proposed to be key in singling out the axon (Schelski and Bradke, 2017) . This could occur through the improved delivery of growth receptors (Grassi et al., 2015) , a signaling lipid (Horiguchi et al., 2006) , or membrane supply by a molecular motor. As mentioned earlier, several kinesins move better on stable microtubules. In support of this model, Par-3 was indeed found in association with KIF3 (Nishimura et al., 2004) . However, at this point the precise mechanism by which microtubule stability specifies the axon remains unknown.
Microtubule Polarity in the Axon
Neuronal polarity is also tightly linked to microtubule polarity. As noted above, axons have uniform, plus-end-out microtubule arrays, whereas mammalian dendrites show mixed polarity, and C. elegans and Drospohila dendrites have almost uniform minus-end-out arrays. How microtubule polarity is set up in response to polarization is still largely unknown. Various models have been proposed for how microtubule arrays are established in axons and dendrites. These include transport from the cell body, sliding microtubules of opposite polarity, and local nucleation via various microtubule nucleation-promoting factors (Ahmad et al., 1998; Baas and Lin, 2011; del Castillo et al., 2015; Delandre et al., 2016; Kapitein and Hoogenraad, 2015; Ori-McKenney et al., 2012; Sá nchezHuertas et al., 2016) . Here we will briefly review several regulators of microtubule polarity that have been identified in recent years in order to discuss the role of microtubule polarity in establishing neuronal polarity.
The loss of several genes leads to a presence of minus-endout microtubules in the axon. In mammals, TRIM46 bundles parallel microtubules at the axon initial segment. shRNA knockdown of TRIM46 disrupts the polarized distribution of MAP2 and Tau in cultured neurons and results in 25% of axonal microtubules growing toward the cell body. In vivo, this leads to defects in radial migration and in the elaboration of both axons and dendrites (van Beuningen et al., 2015) . In Drosophila, mutations in the retrograde motor dynein result in axonal minus-end-out microtubules. This is accompanied by an invasion of dendritic cargo into the axon, which thickens or splits (Zheng et al., 2008) . Dynein may be required to establish uniform microtubule polarity by transporting plus-end-out microtubules into the axon, or removing minus-end-out microtubules (Baas and Lin, 2011; del Castillo et al., 2015) . Dynein is also required for maintaining the Golgi structure, and in its absence, Golgi outposts that invade the axon might nucleate minus-ends-out microtubules (Ori-McKenney et al., 2012) . In C. elegans, the CRMP2 homolog UNC-33 is required to establish microtubule polarity in both the axon and dendrite (Maniar et al., 2011) . CRMP2 binds tubulin dimers and is transported by KIF5 in cultured neurons.
Overexpression of CRMP2 induces multiple axons (Fukata et al., 2002; Inagaki et al., 2001; Kimura et al., 2005) . In the developing neocortex, CRMP2 shRNA impaired migration and the multipolar to bipolar transition (Sun et al., 2010) . C. elegans unc-33 mutants show truncated axons and cargo mis-sorting (Hedgecock et al., 1985; Maniar et al., 2011) .
Microtubule Polarity in the Dendrite
In the dendrite, polarity establishment involves an increase in the fraction of minus-end-out microtubules, whether from a uniform plus-end-out array or one that starts out with some minus-endout polymers (Baas et al., 1988 (Baas et al., , 1989 Hill et al., 2012; Yau et al., 2016) (Figure 3) . As in the axon, different experimental systems have yielded different models for the origin of the minusend-out microtubules. It is worth noting that in C. elegans and Drosophila, some genes required for establishing the uniform plus-end-out array of the axon are also required for a uniform minus-end-out array in the dendrite. Examples include unc-33 in C. elegans and gamma-tubulin in Drosophila. Also, both in Drosophila and C. elegans, molecular motors are required for dendritic microtubule polarity. In flies, a complex of kinesin-2 and APC steers growing microtubule tips toward the cell body at branch points, thereby ensuring the uniformity of minusend-out arrays (Mattie et al., 2010) . In C. elegans, kinesin-1 is required for dendritic minus-end-out microtubules, and this depends on the ability of the heavy chain to bind two antiparallel microtubules (Yan et al., 2013) . In cultured mammalian neurons, kinesins-6 and -12 promote the entry of minus-end-out microtubules into the dendrite, whereas kinesin-5 restricts it (Kahn et al., 2015; Lin et al., 2012) .
Two main roles have been proposed for the mixed polarity orientation of dendritic microtubules, regulation of dendrite morphogenesis and branching (for example, Delandre et al., 2016; Yalgin et al., 2015) and regulation of polarized transport (Bentley and Banker, 2016; Kapitein et al., 2010) . The clearest evidence for minus-end-out microtubules driving transport to the dendrite comes from kinesin-1 mutants in C. elegans, where minus-end-out microtubules are lost and instead are replaced by plus-end-out microtubules. This is accompanied by the loss of dendritic cargo and the transport of axonal cargo to both axon and the aberrant dendrite (Yan et al., 2013) . However, normal cargo transport to the dendrite does not correlate with the relative fraction of minus-end-out microtubules in flies (Hill et al., 2012) and it occurs in the absence (or presence of a very small fraction) of minus-end-out microtubules in hippocampal cultures (Petersen et al., 2014; Yau et al., 2016) . Since these questions are more pertinent to polarity maintenance rather than establishment, we refer the reader to excellent recent reviews (Bentley and Banker, 2016; van Beuningen and Hoogenraad, 2016) .
From the phenotypes of the mutants described thus far, mainly the missorting of cargo, it seems that microtubule polarity is clearly required for maintenance of neuronal polarization. However, for the specification of an axon or the establishment of polarity the data are less conclusive than in the case of microtubule stabilization. The proteins described above have additional functions that are not related to microtubule polarity (for example, CRMP2 regulates transport of the WAVE1 complex; Kawano et al., 2005) , further complicating the interpretation of the phenotypes. Actin The organization of actin filaments in axons and dendrites has been harder to visualize by electron microscopy compared to microtubules, and its involvement in polarity establishment is less clear. More recently, live imaging of fluorescently tagged actin binding proteins and the advent of super-resolution techniques have been instrumental in understanding actin structure in neurons. The axons of mature neurons contain periodic submembrane actin rings that are organized by adducin and beta spectrin (He et al., 2016; Xu et al., 2013) . The rings first appear at the proximal axon at stage 3 in culture and gradually extend distally (Zhong et al., 2014) (Figure 3 ). Dendrites contain fewer actin rings than axons, likely because of lower beta spectrin levels (He et al., 2016) . Although the periodicity and structure In stage 2 neurons, actin waves (depicted as additional growth cone-like structures) appear in all neurites but are more frequent along the neurite destined to become the axon. Microtubules (insets) are similar in all neurites and are oriented plus-end out (blue). In stage 3 neurons the frequency of actin waves is higher in the newly specified axon compared to the minor neurites. In addition, submembranous actin rings first appear in the axon, close to the cell body. In the axon, but not in minor neurites, there is an increase in microtubule polymer numbers. Axonal microtubules are more stable (thicker lines) and uniformly polarized with the plusend pointing away from the cell body. In stage 4 neurons, the frequency of actin waves diminishes, and actin rings expand distally. Microtubules in the axon elongate and are very stable. In the dendrite, minus-end-out microtubules (yellow lines) gradually increase in numbers.
of the rings hints at a mechanical role, likely conferring stability to the axon, such a function has not been demonstrated. Another axon-specific actin structure is a meshwork found at the axon initial segment (AIS), which is proposed to act as barrier that regulates diffusion or transport into the axon (Bentley and Banker, 2016; Nirschl et al., 2017) . Both the rings and the meshwork depend on AIS integrity, suggesting that they are not involved in polarity establishment, as the AIS is formed after the initial polarization of the neuron (Zhang and Rasband, 2016) . Although beyond the scope of this Review, it is worth noting that the AIS plays a critical role in maintaining polarity, as knockdown of its key component AnkyrinG causes axons to acquire molecular characteristics of dendrites (Hedstrom et al., 2008) . Additional actin structures include dynamic trails (Ganguly et al., 2015; Roy, 2016) in mature neurons and actin waves in differentiating neurons (Ruthel and Banker, 1999) . Actin Destabilization in Polarity and Growth Actin dynamics play an important role during the early stages of polarity establishment, mainly in the initial outgrowth of neurites and elongation of the axon. Axonal growth cones show more dynamic actin than the minor neurites. Furthermore, application of actin destabilizing drug to neuronal cultures leads to the formation of multiple axons, and locally destabilizing actin in one neurite specifies it as the future axon (Bradke and Dotti, 1999) . These results indicate that a difference in actin dynamics among neurites can specify the axon. One of the main regulators of actin dynamics is the severing protein cofilin. Double knockout of the two members of ADF/cofilin prevents neurite outgrowth, both in vivo and in culture (Flynn et al., 2012 ). Cofilin's role seems to be to locally destabilize actin in order to allow microtubule growth into the future neurite. Accordingly, cofilin activity is enriched at the axonal growth cone (Garvalov et al., 2007) , and in the ADF/Cofilin double mutants microtubules form loops and fail to reach the growing tip of the growth cone (Flynn et al., 2012) . There is also evidence that cofilin acts as a downstream target for small GTPase signaling pathways involved in neuronal migration and polarization in vivo. In Cdc42 mutants, cofilin is phosphorylated and inactive in the growth cone, where it is normally not phosphorylated. The Cdc42 and cofilin knockdown phenotypes are analogous, and the axonogenesis phenotype of these mutants can be rescued by depolymerizing actin (Garvalov et al., 2007) . These results suggest that Cdc42 acts through cofilin to destabilize actin and promote axon outgrowth. Cofilin is also a substrate of the PAK1 kinase, which is required for neuronal polarity in culture (Jacobs et al., 2007) . In the Drosophila mushroom body, two antagonistic signaling pathways downstream of Rac converge onto Cofilin to regulate axon growth (Abe et al., 2014) . Rac1 signaling also controls polarity and axonal growth by recruiting the actin-regulatory complex WAVE1 to the membrane (Tahirovic et al., 2010) . Collectively, these examples illustrate the convergence of polarity signaling on the actin cytoskeleton to initiate axon growth.
Actin Waves
One actin structure that may play a role in the initial stages of axon specification is actin waves. Waves are growth-cone-like structures that emerge from the cell body and travel down the neurite (Figure 3) . The arrival of a wave is associated with a growth spurt of the neurite (Ruthel and Banker, 1999) . Waves transport actin and actin regulators that are found in growth cones. Importantly, the frequency of waves is higher in the neurite that will become the axon (Flynn et al., 2009) (Figure 3) . Furthermore, actin waves correlate with the exploratory behavior of the truncated kinesin construct that explores different neurites before accumulating in one of them (Jacobson et al., 2006; Twelvetrees et al., 2016; Winans et al., 2016 ). The precise mechanisms that generate actin waves are poorly understood. The progression of waves is slightly preceded by elevated Cdc42 activity, and activated Rac is observed in the wave. Furthermore, ectopically activating Rac1 can produce waves (Winans et al., 2016) . The link between actin waves and polarity remains to be established. The involvement of Rac1 and Cdc42 in polarity (Garvalov et al., 2007; Tahirovic et al., 2010) and in wave generation hints at a possible link. It is also not clear how the waves would contribute to polarity. One possibility is that waves promote increased actin dynamics that would specify the axon. Alternatively, waves also promote microtubule polymerization, which may increase transport into the neurite (Winans et al., 2016) . Another possibility is that the waves transport a specific polarity regulator. One candidate is Shootin1, which is indeed transported by the waves (Toriyama et al., 2006) . In dissociated cultures, Shootin1 is required for polarization and for PI3 kinase signaling (Toriyama et al., 2006) . Shootin1 acts downstream of PAK and promotes neurite growth by coupling actin to extracellular cues through interactions with the actin regulator cortactin and the cell adhesion molecule L1-CAM (Kubo et al., 2015; Shimada et al., 2008; Toriyama et al., 2013) . However, the physiological role of Shootin1 in vivo remains to be established. Similarly, although actin waves have been observed in organotypic hippocampal slices (Flynn et al., 2009) , establishing their role in polarity during brain development remains an outstanding challenge.
Concluding Remarks
Here we have outlined the initial events that transform a nonpolarized cell into a developing neuron, with processes that can be distinguished as an axon or dendrites. Over the past decade, a large body of work has significantly increased our understanding of these events. If previously one needed to borrow examples from other polarized cells to conceptualize neuronal polarization, almost all the data presented here and in other recent reviews is from neuronal systems. However, many outstanding questions remain.
Mechanisms of polarization vary between experimental systems. While most of our current knowledge is derived from cultured neurons, it will be important in the future to explore other systems, particularly in vivo. From the limited number of in vivo systems that have been examined to date, it is clear that many strategies to achieve neuronal polarity exist. Neurons can polarize directly from a neuroepithelium, their polarization may be coupled to the division of their precursor cells, it may occur during cell migration, or be directed by external cues. In all these cases there is a clear gap in our understanding, not only of the polarization mechanisms themselves, but mostly of how they are coordinated with other ongoing cellular processes such as cytokinesis or migration. Examining polarity in this wider context is therefore likely to reveal new polarization strategies and how they are integrated into neuronal development.
A second area in which many unanswered questions remain is the role of the cytoskeleton in neuronal polarity. While the importance of microtubule stability and actin instability has been clearly demonstrated, it is not clear how they are produced and how they participate in polarization. How are actin waves generated and what is their precise role? Why is microtubule stability associated with an axonal but not dendritic fate? What is the role that microtubule polarity plays in neuronal polarity? Answering these basic questions will significantly advance our understanding of the mechanisms that generate neuronal polarity.
